Individual differences in response thresholds to task-related stimuli may be one mechanism driving task allocation among social insect workers. These differences may arise at various stages in the nervous system. We investigate variability in the peripheral nervous system as a simple mechanism that can introduce inter-individual differences in sensory information. In this study we describe size-dependent variation of the compound eyes and the antennae in the ant Temnothorax rugatulus. Head width in T. rugatulus varies between 0.4 and 0.7 mm (2.6e3.8 mm body length). But despite this limited range of worker sizes we find sensory array variability. We find that the number of ommatidia and of some, but not all, antennal sensilla types vary with head width.
Introduction
Ants are social insects and as such their societies are characterised by the division of labour among individuals. This includes the distribution of different tasks among workers. Task allocation among workers is based on genetic and epigenetic variation, differences in developmental conditions and trajectories, and experience-dependent processes, including learning and memory (e.g. Charbonneau and Dornhaus, 2015a; Maleszka, 2016) . One potential mechanism involved in task allocation lies in the variable thresholds with which individuals respond to task-related cues, whether they be sensory or cognitive (e.g. Charbonneau and Dornhaus, 2015a) . This may apply even in cases where there is limited variability among individuals, such as in monomorphic species. Variations in response thresholds can be due to any number of reasons, amongst them genetic and epigenetic variation, developmental conditions, differences in body size or age (reviewed in Charbonneau and Dornhaus, 2015a) . Independent of underlying causes, one relatively easily quantifiable trait that must affect response thresholds is the number and type of sensors available to an ant. Investigating the variation in this trait with the aim of correlating it with variations in task allocation for any given species of ant may establish an important link between genetic, epigenetic and developmental processes and the behavioural plasticity underlying task allocation in social insects.
Body size variation is associated with differences in the compound eyes and the antennal array of sensilla, which can lead to functional differences among workers. The eyes and antennae are the two most important sensory organs for providing ants with information about the external environment. Combined, these sensory organs detect visual, chemical and mechanical cues as well as information about temperature, humidity and CO 2 levels. In bumblebees, differences in the number of antennal sensilla and ommatidia have been shown to respectively affect a worker's odour sensitivity and visual resolution (e.g. Spaethe and Chittka, 2003; Spaethe et al., 2007) . At the behavioural level, larger bumblebee workers are more likely to engage in foraging behaviours than their smaller counterparts (Spaethe and Chittka, 2003; Spaethe et al., 2007) . Although having a larger body-size may be advantageous for a number of reasons it is likely that increased sensory capabilities contribute towards larger workers being more efficient foragers.
Here, we examine both the compound eyes and the antennae of Temnothorax rugatulus ants, the behaviour of which has been well documented, to identify morphological variations potentially affecting individual behaviour. We investigate whether there are body-size dependent differences in the sensory arrays of workers.
Methods

Study site and study species
Worker ants for this study were opportunistically sampled from a single experimental colony. All ants were collected indiscriminately and preserved in ethanol. The colony was collected from the Santa Catalina mountain range, Tucson, Arizona, USA (32 23 0 43.00 00 N, 110 41 0 27.69 00 W) in May 2015. In the laboratory, the colony was housed in an artificial nest and periodically fed with sugar solution and dead fruit flies (for full methods see: Charbonneau and Dornhaus, 2015b) . All imaging of the eyes and antennae was done using this single colony.
Body size and head width variation among workers was recorded by photographing dead specimens under dissecting microscopes (Olympus SZX9, Nikon DS-Fi1). Measurements of the head width (measured in dorsal view just behind the compound eyes) were taken in a total of 100 workers; the sample was made up of 46 workers from the colony mentioned above plus 54 workers from another laboratory colony collected at the same location to boost sample size (the mean and standard deviation were identical for both colonies). Additionally, body length (clypeus to the end of the gaster) and head length (clypeus to apex) measurements were taken for comparison. Measurements were taken from digital images using ImageJ 1.45s (Rusband, National Institutes of Health, USA).
SEM specimen preparation
Whole specimens were stored in 70% ethanol. The amputated antennae or whole heads were then mounted on aluminium stubs using conductive carbon tape. Specimens were coated with Au/Pd (60:40) for 2 min at 20 mA and imaged on a Hitachi S-4300 SE/N scanning electron microscope. For detailed methods see RamirezEsquivel et al. (2014) .
Compound eye histology
For the study of the internal anatomy of the eyes live specimens were immobilised using wax under a dissection microscope, the mandibles were removed and the back of the head capsule was quickly opened up. The remainder of the head capsule, bearing the two compound eyes, was immediately placed in ice-cold aldehyde fixative (50:50 mixture of 4% formaldehyde and 4% glutaraldehyde, pH 7.2) and left for 5 h while the remainder of the body was immersed in 100% ethanol to kill the ant. The samples were then rinsed in PBS (5 Â 3 minutes) and post-fixed in 2% OsO 4 solution for 90e120 min. The samples were once again rinsed in PBS (5 Â 3 minutes) and stained with 2% uranyl acetate overnight. After rinsing, as above, the samples were dehydrated in an ethanol series (50e100%) and transferred into propylene oxide for resin infiltration. The Epoxy (Epon) infiltrated tissues were polymerised in an oven at 60 for 12 h. For detailed methods see Greiner et al. (2007) and Narendra et al. (2013) .
Samples were sectioned with a HistoJumbo diamond knife (Diatome, Biel/Bienne, Switzerland) to 2 mm thickness on a Leica EM UC7 ultramicrotome, mounted on glass slides, heat fixed and stained for contrast with toluidine blue. They were later imaged on a Zeiss Axioskop compound microscope equipped with a SPOT Flex 16 MP colour camera.
Image processing and measurements
All image processing, including SEM colourisation, was carried out with CorelDraw ® Graphics Suite X6 (2012 Corel). Measurements were made directly from digital images with ImageJ 1.45s (Rusband, National Institutes of Health, USA).
To estimate the variability of the antennal sensillum array between different individuals we quantified the abundance of the different types of sensilla and measured the length of sensilla basiconica, trichodea and trichodea curvata in six worker ants of different sizes (head width varied from 0.46 to 0.63 mm). We focused on the dorsal surface of the antenna but also examined the ventral surface in three individuals for comparison. Antenna area estimations are based on measurements of the visible area from SEM images, not taking into account the effects of curvature. Sensillum length was measured on sensilla which were clearly visible in profile (for full details see Ramirez-Esquivel et al., 2014) . We concentrated on the filiform chemoreceptors as these were relatively plentiful (unlike peg-in-pit sensilla, i.e. sensilla coeloconica, ampullacea, coelocapitular and campaniformia).
Compound eye facets were counted in SEM images. Internal eye structures were measured in semi-thin sections from three individuals. These measurements were used to calculate resolution (inter-ommatidial and acceptance angles) and optical sensitivity (the eye's ability to capture photons when viewing a scene of broad spectral content) (Land and Nilsson, 2012) . Optical sensitivity, S, is given in mm 2 sr (Land, 1981; Warrant and Nilsson, 1998) as:
where, A ¼ facet diameter (mm); d ¼ diameter of the rhabdom (mm); f ¼ focal length, determined by the distance from the nodal point of the lens to the tip of the rhabdom (mm); l ¼ the rhabdom length (mm); k ¼ absorption coefficient, assumed to be 0.0067 mm
À1
(see Warrant and Nilsson, 1998) . We used the thick lens equation (see Stavenga, 2003; Schwarz et al., 2011) to determine the position of the nodal point, the focal length and the location of the focal plane, assuming a homogeneous refractive index of the lens and the crystalline cone.
Results
Gross morphology and body size
T. rugatulus are yellowish brown ants, with rugose sculpturing on the cuticle of the head, thorax and petiole (Fig. 1A, B ). Workers were small with a body length of 2.6e3.8 mm (n ¼ 46). Throughout this study we have chosen to omit body length from the analyses and use head width as a proxy for body size, since body length, which includes the gaster, can vary greatly according to nutritional state and satiety. Head width is a commonly used proxy in the ant literature (e.g. H€ olldobler and Wilson, 1990; Kaspari and Weiser, 1999; Tschinkel et al., 2003) , and has been previously used to describe size variation in T. rugatulus (Westling et al., 2014) , where it scales linearly with both body length (R 2 ¼ 0.67, n ¼ 46) and head length (R 2 ¼ 0.93, n ¼ 54). We found head width varied from 0.45 to 0.66 mm (n ¼ 100), representing a variation of approximately ±20% around the mean (Fig. 2) . The size distribution was similar to a previously described distribution (Westling et al., 2014) but with a relatively limited range of head widths (Fig. 2) . It did not significantly deviate from a normal distribution (D'Agostino and Pearson test, P ¼ 0.7127).
3.2. Antennal array 3.2.1. General anatomy and characteristics of the antenna The antennae consisted of a scape, a pedicel and nine flagellar segments. The pedicel and the flagellum are jointly referred to as the funiculus (Fig. 3A) . Of the funicular segments, F1-3 were the largest and formed a club while F4-9 were greatly reduced and formed a thin straight shaft (Fig. 3A) . The dorsal surface area of the club was in fact over three times larger than that of the shaft (Fig. 3B) , despite being comprised of fewer segments. Smaller funicular segments bore fewer sensilla, and chemosensitive sensilla in particular dropped in abundance as segments became smaller and were altogether missing from the small shaft segments (Fig. 3C ). Larger workers tended to have a larger total antennal area (R 2 ¼ 0.70, n ¼ 6 workers), where an increase of 0.01 mm in head width was accompanied by an increase of approximately 900 mm 2 of antennal area.
Sensillum types and their distributions
We surveyed the dorsal surface of the entire antenna and found ten different types of sensilla, each with their own particular distributions, which were consistent across individuals (Fig. 4A) . Seven of the ten types of sensilla were confined to the club: sensilla basiconica, trichodea, trichodea curvata, trichoid-II, coeloconica, ampullacea and coelocapitular (Fig. 4AeC) . The filiform mechanoreceptors, sensilla chaetica, were present throughout the antenna (Fig. 4A, B ) while sensillum campaniformium (Fig. 4D ) was restricted to the distal border of the pedicel (Fig. 4A) .
We discovered a pair of peculiar branched sensilla on the scape, which to the best of our knowledge have not been previously described in hymenoptera. This sensillum has a hand-like appearance with variable numbers (3e10) of digitate or finger-like projections (Fig. 5A, C ). These sensilla project over the scape-pedicel 
Sensillum variation among individuals: size and numbers of sensilla
In order to gather sufficient, reliable data to investigate the effects of worker size variation on the sensillar array we concentrated on the filiform sensilla (sensilla basiconica, trichodea, trichodea curvata, chaetica and TII) on the dorsal surface of the club (Fig. 4B ), as these were most abundant.
3.2.3.1. Numbers of sensilla. The number of sensilla varied with worker size but the manner in which they varied was dependent on the sensillum type. The relative numbers of sensilla basiconica and Trichoid II (TII) increased considerably and consistently with head width (from 8 to 13 and from 20 to 36 respectively), and in both of these cases there was a strong, positive, linear relationship between the number of sensilla and worker head width normalized to maximum (R 2 ¼ 0.98 and 0.81 respectively, F < 0.05, orange and red dashed lines, Fig. 6A ). The head width of workers examined varied from 0.46 to 0.63 mm which equates to a 36% increase in head width (relative to the minimum), compared to a 63% increase in sensilla basiconica and an 80% increase in TII sensilla. In contrast, there was no strong correlation (R 2 < 0.30, F > 0.05) between numbers of sensilla and worker size in the case of sensilla trichodea, trichodea curvata and chaetica (green and dark purple dashed lines, Fig. 6A ). The average absolute abundance of different sensillum types differed greatly and as a consequence so did their relative contributions to the total sensillum array (Fig. 6B ). The vast majority (72%) of the sensilla found on the club were mechanoreceptive sensilla chaetica while the remaining 28% of filiform sensilla were comprised of four different types of chemoreceptors and a putative chemoreceptor. Among the chemoreceptors the smallest contribution (3%) was made by sensilla basiconica and the largest by sensilla trichodea curvata (12%) (Fig. 6B) .
The relative increase from the minimum to the maximum observed abundance of a sensillum type across different individuals was unrelated to the absolute abundance of that sensillum (Fig. 6C) . That is to say, the relative variability of a sensillum type was unrelated to its absolute abundance. The most variable sensilla were sensilla basiconica (63% increase relative to the minimum) and TII (80%) while the least variable were sensilla chaetica (38%) and trichodea (19%) .
Comparing the dorsal (n ¼ 5 workers) and ventral (n ¼ 3 workers) surfaces of the club, we found that the ventral surface has, overall, fewer sensilla. As compared to the dorsal surface, there were approximately 20% fewer sensilla trichodea and trichodea curvata and approximately 70% fewer TII sensilla on the ventral surface. Sensilla chaetica did not vary dramatically between the two surfaces while sensilla basiconica were similar in abundance both dorsally and ventrally or, in the case of one worker, they were more abundant ventrally.
Size of sensilla.
Here we restricted our analysis to the three filiform chemosensilla: sensilla basiconica, trichodea and trichodea curvata (see methods). Sensilla basiconica and trichodea were of similar length while sensilla trichodea curvata were much longer (Fig. 7A) . We found that sensillum size could not be predicted by worker head width. Sensilla basiconica ranged continuously from 10 to 20 mm (n ¼ 38 sensilla, 6 workers) with approximately the whole range of variation being displayed in every individual examined independently of head width (data not shown). Similarly sensilla trichodea ranged from 8 to 18 mm (n ¼ 38 sensilla, 6 workers) and trichodea curvata from 20 to 34 mm (n ¼ 69 sensilla, 6 workers). Within individuals, sensilla are roughly organised from smallest to largest on the apical segment. Peg length varied with proximity to the apex of the antenna following a power relationship where the closer a sensillum was to the tip the shorter its peg (Fig. 7B ).
Optical system
T. rugatulus workers possess a pair of apposition compound eyes and no ocelli. The compound eyes were laterally placed (e.g. Fig. 1A) and measured 107.0 ± 10.2 mm (mean ± s.d.) along the dorsoeventral axis (n ¼ 17) and 141.0 ± 15.8 mm along the anterioreposterior axis (n ¼ 17). Eye size was not correlated with head width (R 2 < 0.05). Each eye was made up of 55.2 ± 6.5 ommatidia (mean ± s.d., n ¼ 39, Fig. 8A) ; however, the number of ommatidia varied considerably with worker size, ranging from 45 to 76 ( Fig. 8B ). This represents, relative to the mean, a 19% decrease in the ants with the fewest facets and a 37% increase in the ants with the most. Within individuals, the number of facets between the left eye (55.25 ± 1.94; mean ± s.d.) and the right eye (55.94 ± 2.01) did not differ significantly (paired t-test, n ¼ 16, p ¼ 0.102, t ¼ 1.741, df ¼ 15). The facets were not arrayed to form a regular hexagonal pattern as in larger ants (e.g. Narendra et al., 2011) but were irregularly arranged (Fig. 8A ) (see also Pix et al., 2000) . Across the horizontal plane the visual field spanned approximately 120 , and the maximum number of facets in a horizontal row ranged between individuals from 8 to 11 facets, as judged from horizontal sections (Fig. 8C) . This translates into horizontal interommatidial angles (Df) of between 11 and 15 . In the vertical plane the field of view spans about 130 with a maximum of 7e9 facets (Df ¼ 14 e19 Measuring the facet diameters of the whole central horizontal row in 22 workers revealed that facet diameter was not correlated with head width (R 2 < 0.13). The photosensitive structures (the rhabdoms) are 5.7 ± 0.0 mm wide (n ¼ 3; Fig. 8E ) and approximately 27.4 ± 1.9 mm long (n ¼ 6; Fig. 8C ).
Given they had unusually large rhabdoms for a day-active species, we aimed to determine their optical sensitivity. For this, we first determined the distance between the nodal point of the lens and the focal plane by applying the thick lens equation with the outer lens surface radius of r1 ¼ 11.2 mm (n ¼ 3), the inner lens radius r2 ¼ À6.1 mm (n ¼ 3), the distance between vertices 11.1 mm (n ¼ 3) and refractive indices of 1.43 for the lens and 1.34 for the crystalline cone, assuming a uniform distribution of refractive indices in both compartments. Interestingly, these parameters place the plane of best focus more than 10 mm proximal of the distal tip of the rhabdom (Fig. 8D, red cross) . Taking the distance between the distal tip of the rhabdom and the nodal point (9.0 mm, see , (Warrant and Dacke, 2011) ). Another feature of interest in the T. rugatulus eye was that while most rhabdoms have circular or almost square cross sections (Fig. 8E) , a few rhabdoms in the dorsal region of the eye are rectangular in shape, with the long axis measuring 4.4 ± 0.4 mm (n ¼ 4), on average 1.44 times wider than the short axis (Fig. 8F) . Such modified rhabdoms are typical for the dorsal rim area (DRA) of insect compound eyes, which is involved in the detection of polarized sky light.
Discussion
Despite being a popular study system for behavioural studies there have been no descriptions of the sensory systems of Temnothorax ants. We present detailed descriptions of the compound eyes and the antennal sensilla array uncovering some unexpected features. We compare variability between workers and speculate on the possible functional implications of such variation.
The workers of T. rugatulus we examine vary in body-size by ±20% around the mean. Accompanying this variation there are quantifiable differences in the elaboration of the sensory arrays. Larger workers tend to have larger antennae with more sensilla basiconica and TII sensilla as well as eyes with more ommatidia. However, body-size alone does not explain all of the variation observed. Most sensillum types did not scale with size and bodysize only explained about half of the variation seen in facet numbers (R 2 ¼ 0.47, Fig. 8 ). These trends should result in a certain degree of variation in the sensory information gathering capabilities of individuals in a manner that is linked to, but not exclusively dependent on, body-size. Unfortunately, the opportunistic nature of our sample prevented us from behaviourally identifying intranidal and extranidal workers and the limited sample size meant we did not capture the full range of body-size variation previously described (Westling et al., 2014) . Notwithstanding these limitations, we believe that the degree of variability we observed warrants further studies incorporating behavioural observations.
The antennal array
Temnothorax ants rely on pheromones to orchestrate complex behaviours such as colony emigrations and communication among nest-mates. During recruitment to new nest sites, for example, workers leading tandem runs discharge a recruitment pheromone from the poison gland (M€ oglich et al., 1974) . Nest scouts use pheromone markings to select favourable nests during colony emigrations (Cao and Dornhaus, 2012) and secrete negative signals to prevent fellow scouts from selecting unsuitable nest sites (Franks et al., 2007; Stroeymeyt et al., 2011 Stroeymeyt et al., , 2014 Sasaki et al., 2014) . Finally and perhaps most remarkable of all, some Temnothorax species lay not only colony-specific but also individually distinct trails. Experiments have shown that individuals are able to identify and preferentially follow their own trails (Maschwitz et al., 1986) . It is clear then that Temnothorax ants are capable of behaviours which rely on sophisticated chemosensory abilities. Perhaps then it comes as no surprise that despite their small size T. rugatulus display the full complement of sensillum types observed in larger ant species, although at much lower numbers (see Table 3 in: Ramirez-Esquivel et al., 2014) . The low numbers of sensilla may mean that small variations in the sensillum array may have a significant impact on the sensory capabilities of individuals, which may result in behavioural differences. To study the variability of the antennal array we compared sensillum sizes and numbers across individuals of different sizes.
It is hard to assess the functional significance of variations in sensillum size. Steinbrecht (1973) found in Bombyx mori that long sensilla trichodea almost always were innervated by two receptor cells, while a shorter type of sensilla trichodea contained one to three receptor cells. The situation was different for sensilla basiconica, with large sensilla containing three and a smaller form of the sensillum containing only one receptor cell. In addition, at least in flies, dendritic branching patterns can be quite complicated independently of sensillum size (Lewis, 1971) . So all we can say at the moment is that larger sensilla may contain more wall pores and longer dendrites and thus could express more receptor proteins, which would make them more sensitive. However, sensillum length measurements from three filiform sensilla showed quite considerable variability within individuals and no clear differences in sensillum size between different individuals. There was no relationship between sensillum length and head width. This result is consistent with previous observations (Ramirez-Esquivel et al., 2014; van der Woude and Smid, 2015) . At this point it is not clear why there is such dramatic intra-individual size variation in sensilla, but one possibility is that packing of both external structures, such as the cuticular elements of the sensilla, and internal structures, such as the underlying neurons, may constrain the size of sensilla in certain locations of the antenna (Schneider, 1964) .
In contrast, the number of sensilla of a given type varied from one individual to another, but not all sensilla are affected by changes in head width in the same way. While sensilla chaetica and trichodea curvata were present in variable numbers without a clear dependence on head width, sensilla trichodea seemed to remain relatively constant across different head widths. This could point to a very specific and narrow function unrelated to size or task allocation or to a density dependent function. In contrast, sensilla basiconica and TII consistently increased with head width, suggesting that perhaps extranidal workers benefit from enhancing these sensory channels to perform more informationally demanding behaviours such as foraging.
The functional significance of relative increases in sensillum abundance with increasing head width is not immediately obvious and cannot be ascertained with certainty based on external anatomy alone. However, the variability we observe is an encouraging sign that differences in the peripheral component of ant chemosensation may produce individual differences in how chemical cues are perceived and therefore drive task specialisation.
There are many aspects of the chemosensory array that may affect how an ant perceives an odour cue including the specificity and sensitivity of the chemoreceptors present in the olfactory receptor neurons (ORNs) (e.g. Duchamp-Viret et al., 1999; Sachse et al., 1999) , the number of ORNs, the combinations of olfactory receptors present in a single sensillum (e.g. Getz and Akers, 1995) , and how olfactory information is organised in the antennal lobe and how it outputs into higher order processing centres of the brain (e.g. Faber et al., 1999; Sachse et al., 1999; Galizia and Menzel, 2000) . Of all these variables we can only speculate on the number of ORNs based on our data. Although sensillum numbers do not directly measure ORN numbers, it is likely that the two are at least loosely associated (Kleineidam et al., 2007) .
If an increase in the number of sensilla is indeed accompanied by an increase in ORNs this could have a number of consequences including greater sensitivity, an improved ability to discriminate between compounds or sensitivity to a greater number of compounds (Kelber et al., 2006) . Previous studies have linked increased sensillum numbers in larger workers within species to increased olfactory sensitivity leading to differences in foraging and trail following efficiencies (leaf-cutting ants: Kleineidam et al., 2007; bumblebees: Spaethe et al., 2007) . Studying the underlying neuroanatomy and differences in behavioural responses to odour cues may reveal further differences in T. rugatulus workers which may help explain differences in task allocation.
An undescribed type of sensillum in ants: palmate sensilla
We observed the scape of T. rugatulus a branched type of sensillum that has not been found in other ants (Jaisson, 1969; Dumpert, 1972; Hashimoto, 1990; Kleineidam et al., 2000; Renthal et al., 2003; Marques-Silva et al., 2006; Nakanishi et al., 2009; Mysore et al., 2010; Barsagade et al., 2013; RamirezEsquivel et al., 2014) . This sensillum closely resembles the palmate sensilla seen in the weevil Pissodes nitidus (Coleoptera) (Yan et al., 2011) . Yan et al. (2011) suggest that these may be olfactory sensilla as there are grooves on the surface of the sensillum and ultrathin sections indicate the presence of openings connecting the exterior to the lumen typical of olfactory sensilla. Consistent with this, the palmate sensilla of T. rugatulus have longitudinal grooves covering the surface (Fig. 5C, inset) but analysis of the internal anatomy will be necessary to determine if these grooves do contain openings into the lumen.
Upon further examination we observed other branched sensilla on the head, mesosoma, petiole and gaster. However, these were quite different in form to those on the scape, suggesting that they may not be homologous. While the palmate sensilla found on the scape are shaped like a scoop (Fig. 5A, C) , the branched sensilla found elsewhere roughly resemble a pyramidal prism, where the three sides are strongly concave (Fig. 5D, G, H) . Furthermore, while the palmate sensilla on the weevil P. nitidus numbered in the hundreds and covered the apical segment of the antenna, the palmate sensilla we observed on the scape were very rare (maximum of 3). Yan et al. (2011) also classified their palmate sensilla according to the number of finger-like protrusions. They describe sensilla with 1, 2, 3, and 4 digits and about 200 sensilla in each category, while the sensilla in T. rugatulus varied seemingly randomly in the number of digits from 3 to 10. It is not clear then whether the P. nitidus and T. rugatulus palmate sensilla are homologous but their resemblance is such that we feel it is appropriate for them to share a name. Although the branched sensilla found on the head, mesosoma, petiole and gaster look somewhat different, until further studies show whether they are functionally different or not it seems convenient to refer to them under the same name.
To the best of our knowledge this is the first time palmate sensilla have been described in Formicidae. It is possible that they have been overlooked in other ants due to their location outside of the flagellum. Preliminary observations showed that palmate sensilla are present on the head, mesosoma, petiole, and gaster in other small ant species (Pheidole sp., Paraparatrechina minitula, Technomyrmex sp.), but not in all (Meranoplus ferrugineus) (Ramirez-Esquivel, unpublished observation). However, in none of these species were palmate sensilla found on the scape, making T. rugatulus an exception.
The optical system
Vision is crucial for most ants to navigate between food resources and the nest, be it in exclusively solitary foraging species or for scouts in species that recruit by laying pheromone trails. The majority of studies on visual navigation to date have focussed on ants with large eyes (e.g. Cataglyphis bicolor: 1300 facets (Menzi, 1987) , Camponotus consobrinus: 798 facets (Narendra et al., 2016) , Formica integroides: 700 facets (Bernstein and Finn, 1971) , Gigantiops destructor: 4100 facets (Gronenberg and H€ olldobler, 1999) , Melophorus bagoti: 590 facets (Schwarz et al., 2011) , Myrmecia croslandi: 2363 facets, Myrmecia pyriformis: 3593 facets (Greiner et al., 2007; Narendra et al., 2011) , Polyrhachis sokolova: 596 facets (Narendra et al., 2013) ). Temnothorax is one of the very few ants that we are aware of, that have been shown to navigate visually with just over 50 ommatidia in each eye. Temnothorax albipennis, for instance, does indeed use visual landmarks for navigation (Pratt et al., 2001) . T. rugatulus tends to forage individually in an environment where the undergrowth is relatively sparse, with few proximate landmarks. Foraging workers therefore most likely rely on distant cues that appear above the horizon, such as tree trunks, for navigation.
We observed considerable variation in the number of facets per eye in these ants (range ¼ 45e76), which raises the question of what impact such significant variations in the 'number of pixels' and the sensitivity between individuals within a single colony may have on task allocation (e.g. Perl and Niven, 2016) . It is important to note in this context that visual navigation does not necessarily require high-resolution vision (e.g. Milford, 2013; Stürzl et al., 2015; Wystrach et al., 2016) . However, differences in resolution do affect target detection (e.g. Spaethe and Chittka, 2003) , which may impact worker foraging efficiency. This will be dependent on the foraging strategies employed by Temnothorax ants in natural conditions, which are unfortunately not well studied. Detection of small objects and detection distances will be improved in workers with greater visual resolution. Adding a word of caution in this context, we note that we had to estimate compound eye properties such as visual fields and inter-ommatidial angles from SEM preparations and light-microscopy sections, because in-vivo optical analysis is practically impossible in these small heavily pigmented eyes. It thus remains to be investigated how the number of ommatidia and eye curvature vary in these ants which will both determine the variations in resolution and visual fields. Studying foraging behaviours and visual tasks in a natural setting should tell us more about what is required from the compound eyes of Temnothorax ants.
The lens diameters of the ants do not vary with head width, but vary within each individual. Their lens diameters in the compound eyes of T. rugatulus (range: 14.7e19.0 mm) place them in the company of much larger day-active ants (e.g., M. bagoti: 19 mm (Schwarz et al., 2011) ; M. croslandi: 18 mm (Greiner et al., 2007) ; (Greiner et al., 2007) ) and nocturnal bees (e.g. Megalopta genalis, S ¼ 2.7 mm 2 sr À1 ; (Greiner et al., 2004) ). This unexpectedly high sensitivity in T. rugatulus may be an adaptation for the dim-lit leaf litter habitat in which these ants forage. In T. rugatulus facet diameters did not vary with head width, but if rhabdom diameters decreased in smaller individuals, this would reduce their optical sensitivity.
Our modelling of the optical properties of T. rugatulus ommatidia indicates that given the assumption of uniform refractive indices, the lens and crystalline cone do not focus light on the distal tip of the rhabdom, but at a point about 10 mm down the length of the rhabdom. This severe under-focussing has not been found in other miniature compound eyes (e.g. Fischer et al., 2011; Makarova et al., 2015) . However, a discussion of the functional significance of this arrangement would be premature, because we do not know whether there is a refractive index gradient in the facet lenses of T. rugatulus ommatidia that would increase the refractive power of the optical system, bringing the focal plane closer to the distal tip of the rhabdom.
We also found what seem to be specialised rhabdoms, which appear rectangular in cross-section (Fig. 8F) . These are similar to the specialised photoreceptors found in the dorsal rim area of several ants such as Cataglyphis fortis, C. consobrinus, M. pyriformis, Nothomyrmecia macrops, and P. sokolova Narendra et al., 2016) . In these specialised rhabdoms the microvilli of retinular cells are typically oriented at 90 relative to each other and do not twist along the length of the rhabdom, making them sensitive to the direction of polarised light. Although we were unable to confirm these properties in T. rugatulus, the rectangular cross sections of dorsal rhabdoms hint at the possibility that in addition to using landmark information for navigation, Temnothorax ants may also rely on the pattern of polarised skylight to derive compass information for path integration.
Worker size variation
Workers in our study varied in head width from 0.45 to 0.66 mm (n ¼ 100) and had a normal frequency distribution. By comparison, Westling et al. (2014) examined worker size variation in great detail and found worker head width ranged from 0.35 to 0.70 (n ¼ 522). Furthermore, Westling et al. (2014) also identified a small intranidal class of workers and a large extranidal class. These two subpopulations had overlapping distributions which when pooled give rise to a distribution similar to ours. However, the small intranidal workers described were much smaller than any workers we observe in our sample. The greater range in distribution and the bias towards larger workers we observe might be explained by differences in sample sizes in the two studies or it may be because the two colonies we sampled do not represent mature colonies. There may be costs associated with producing fully specialised workers before the colony has reached maturity and achieved a full complement of workers. Young and small colonies in other species have previously been shown to produce worker size distributions that differ from those of mature colonies (Wood and Tschinkel, 1981; Tschinkel, 1988 Tschinkel, , 1998 .
Although the range and frequency distribution of worker head widths shown here is not fully consistent with those previously reported, this does not imply that workers in our sample were uniform. Even the limited range of body-sizes we observe seems considerable for a "monomorphic" species and is sufficient to produce variability in the sensory arrays.
Conclusions
We observe variability in the sensory systems of T. rugatulus, which is linked, to some extent, to worker head width. We suggest that these variations, both of the compound eyes and antennal sensillum arrays, may have functional implications in terms of a worker's access to information about her social and physical environment. This may in turn play a role in worker specialisation and task allocation, although this remains to be tested using behavioural experiments, which identify not just worker size but also intra-or extranidal behavioural castes.
